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To celebrate the Nobel Prize and to highlight its relationship to current research, we asked leading
scientists to discuss how super-resolution microscopy has aided their investigations into exciting
biology. Some of them developed key technologies, whereas others applied thosemethods to their
own research. Here we present their stories as congratulations to the winners of this year’s Prize in
Chemistry for their roles in this imaging revolution.Nuclear Pores: Structural Biology by
Light Microscopy
Jan Ellenberg, European Molecular Biology Laboratory, Germany
The image illustrates how super-resolution microscopy resolved
the position of an individual protein in a large protein complex
in situ inside a cell. The complex of interest here is the nuclear
pore complex, the largest non-polymeric complex in eukaryotic
cells, forming a channel spanning the double-membrane bound-
ary of the nucleus. We applied super-resolution microscopy
(Ground State Depletion followed by Individual Molecule Return
[GSD, GSDIM] imaging) systematically to individual pore proteins,
the so-called Y-shaped complex. By computational particle aver-
aging of thousands of individual pore images for each protein, we
could estimate its position relative to the pore’s centre with a pre-
cision of less than a nanometer. The resulting data allowed us to
conclude that the Y-shaped complexes lie in a regular orientation
around the pore opening, always with the same arm of the Y
pointing toward the pore’s center (Szymborska et al., 2013).
Szymborska, A., et al. (2013). Science 341, 655–658.Fluorescently labelled nuclear pore protein Nup160 in the
nucleus of a human cell, revealing ring-shaped channels in the
nuclear membrane. Image: J. Ellenberg/EMBL.
Shrinking apical surfaces (false-colored blue) of C. elegans
cells. Green, myosin II; red, plasma membrane. Adapted from
Figure S1, Roh-Johnson et al. (2012).3D Superres In Vivo
Bob Goldstein, University of North Carolina at Chapel Hill, USA
The 2011 Bessel beam paper from the Betzig lab made our jaws
drop: live imaging of cells in 3D had entered a new era, really opti-
mizing the tradeoff between illumination and photodamage. At the
time, we had seen in worm and fly embryos strange subcellular dy-
namics before cells changed shape. These strange dynamics—
apical actomyosin contractions that initially failed to shrink cell
surfaces—might have been an artifact of imaging a thin plane,
and Bessel beam imaging could help settle whether we were just
fooling ourselves. We visited Eric Betzig’s lab, where they had by
then combined some of Mats Gustafsson’s structured illumination
microscopy ideas with Bessel beam illumination. With the help of
Betzig’s then-postdoctoral fellow Liang Gao, who worked several
days and nights with Chris Higgins, we demonstrated super-reso-
lution live imaging of cell movements in a whole organism and
confirmed in Caenorhabditis elegans that epithelial cells revved
up their motors well before they began to change shape.
Roh-Johnson, M., et al. (2012). Science 335, 1232–1235.Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 513
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Frank Grosveld, Erasmus University, the Netherlands
Since discovering the locus control region (LCR) in the
b-globin locus, we postulated that the LCR interacts with
b-globin genes via 3D looping. Although increasingly strong
evidence was obtained for such a mechanism by biochemical
approaches and then gradually accepted by the field, the goal
remained to show this mechanism by microscopy (‘‘seeing is
believing’’). We predicted that the locus would change shape
and volume upon gene activation. The wonderful advances
in super-resolution microscopy (here, structured illumination
microscopy, SIM) allowed us (van de Corput et al., 2012) to
show that the locus indeed decreases in volume and changes
shape upon gene activation. These advances in microscopy
have generated tremendous possibilities and certainly
increased our efforts and hope of further visualizing the dy-
namics of gene regulation at the molecular level.
van de Corput, M.P., et al. (2012). J. Cell Sci. 125, 4630–4639.iPALM imaging of integrin within a cell. Image:
H. Hess at HHMI, Janelia.
3D-SIM images and analysis via scatterplots of DNA-FISH-stained
cells showing shape changes upon the transition from inactive to
active transcription at the b-globin locus. Adapted from van de
Corput et al., 2012.
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Harald Hess, Howard Hughes Medical Institute, Janelia Farm, USA
After Eric Betzig and I finished our initial PALM experiments at the NIH, we
each pursued improvements. Gleb Shtengel and I used interferometry to
measure the axial position of a fluorescent molecule between opposed ob-
jectives (Shtengel et al., 2009), resulting in 3D ‘‘iPALM’’ images. Here, in-
tegrin staining is color-coded to reflect a 250 nm height range. The yellow
dots are fluorescently labeled integrins in focal adhesions. The blue-and-
purple tubular network of integrin staining highlights the endoplasmic
reticulum. This 3D capability enabled an extensive study of the vertical
organization of the focal adhesion with Pakorn Kanchanawong and Clare
Waterman (Kanchanawong et al., 2010).
Kanchanawong, P., et al. (2010). Nature 468, 580–584.
Shtengel, G., et al. (2009). PNAS 106, 3125–3130.STORM imaging of a chemical
synapse (adapted from Dani et al.,
2010).Molecular Architecture of Chemical Synapses in the
Brain
Bo Huang, University of California, San Francisco, USA
This image is a high-resolution view of the synapses in the mouse brain cortex, immu-
nostained for presynaptic Bassoon (red) and postsynaptic Homer1 (green). The image
was recorded using 3D stochastic optical reconstruction microscopy (STORM), a
super-resolution imaging method that my coworkers and I developed in Xiaowei
Zhuang’s laboratory (Huang et al., 2008). Compared to the conventional fluorescence
image (upper right), STORM resolves the structural details of the synaptic proteins
much more clearly. In this collaborative work between Xiaowei Zhuang’s and Catherine
Dulac’s laboratories to dissect the molecular architecture of chemical synapses, we
determined the spatial distributions of many pre- and postsynaptic proteins, as well
as the composition of neurotransmitter receptors in synapses. We discovered an orien-
tationally ordered organization of presynaptic scaffolding proteins and a large popula-
tion of immature synapses in the adult accessory olfactory bulb.
Dani, A., et al. (2010). Neuron 68, 843–856.
Huang, B., et al. (2008). Science 319, 810–813.4 Elsevier Inc.
(A) Basal plasma membranes with
variable concentrations of syntaxin
imaged at confocal and STED
microscopy resolution. (B) Magnified
views (adapted from Figure 2 of Sieber
et al., 2006).
Localization of ParA and ParB with the PopZ
Adapted from Ptacin et al. (2014).
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Thorsten Lang, University of Bonn, Germany
Whenever they are investigated, membrane proteins have been found to organize
into heterogeneous micropatterns that have a blurred appearance due to diffrac-
tion limited imaging. Here, blurring causes two problems. First, elements of the
pattern are enlarged, precluding physical size measurements, and second, small
elements at distances below the resolution limit merge and appear as a single
object (see figure). Hence, diffraction of light largely limits the microscopic study
of membrane protein micropatterning. Stimulated emission depletion (STED) micro-
scopy allowed us to image microdomains formed by the SNARE syntaxin 1 at
70 nm resolution (Sieber et al., 2006). The dense syntaxin clusters could be
resolved, showing that increasing the protein concentration generates more syn-
taxin clusters but not larger ones. Since that time, STED microscopy and other
super-resolution microscopy techniques have been widely used in the study of
membrane microdomains.
Sieber, J.J., et al. (2006). Biophys. J. 90, 2843–2851.Deciphering the Mechanism of HIV Virus Budding
Jennifer Lippincott-Schwartz and Schuyler van Engelenburg, NICHD, NIH, USA
An important question in the study of human immunodeficiency virus (HIV) has been how
HIV buds off the cell surface. Host endosomal sorting complexes required for transport
(ESCRTs) are involved, but how they drive constriction and release of HIV has been unclear.
We used 3D interferometric photoactivated localization microscopy (iPALM) to address this
question, visualizing the nanoscale organization of ESCRT machinery in budding virions. In
the two-color iPALM labeling experiment shown here (ESCRT-III, PSCFP2-CHMP4B
labeled in green and HIV-Gag, Alexa Fluor 647 labeled in red), we observed that ESCRT-
III is enriched in the viral head, not base, of a budding HIV virion, implying a mechanism
in which the virus head serves as a template for assembly of the fission factor ESCRT-III.
Once recruited into the viral head, ESCRT-III would narrow the viral neck by polymerizing
into increasingly smaller helical filaments moving toward the plasma membrane, ultimately
causing HIV release from the plasma membrane (Van Engelenburg et al., 2014).
Van Engelenburg, S.B., et al. (2014). Science 343, 653–656.ESCRT-III in the HIV virus head.
Scale bar, 50 nm.
scaffold.Super-Resolution Imaging of a Bacterial
Chromosome Segregation Machine
Jerod Ptacin, Adam Perez, and Lucy Shapiro, Stanford University,
USA
Cell-cycle progression inmany bacteria requires a dedicatedmitotic
machine to actively partition specific chromosomal DNA loci to the
cell poles. In the bacterium Caulobacter crescentus, the pole-orga-
nizing protein PopZ assembles into a multimeric scaffold at the cell
pole that regulates proper chromosome partitioning. To determine
how PopZ interacts with the Caulobacter segregation machinery,
strains expressing fluorescent protein fusions to the segregation
ATPase ParA, the centromere-binding protein ParB, and PopZ
were imaged using 3D super-resolution microscopy. ParA localized
throughout the 3D PopZ matrix at the pole, while the centromere-
bound ParB was clustered to the cytoplasmic periphery of PopZ.
These results show that the PopZ scaffold can spatially separate
distinct ParA recruitment and ParB tethering activities, revealing a
novel mechanism by which bacteria regulate and organize molecu-
lar interactions within an open, contiguous cytoplasm.
Ptacin, J.L., et al. (2014). PNAS 111, E2046–E2055.Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc. 515
Actin in dendrites (top) and axons (bottom), color-coded with violet and red indicating the
positions closest to and farthest from the substratum, respectively. Adapted from Xu et al.
(2013).
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Skeleton in Axons
Xiaowei Zhuang, Harvard University,
USA
Using STORM, a super-resolution im-
aging method developed by our labora-
tory (Rust et al., 2006), we discovered a
periodic membrane skeleton structure
in the axons of neurons. In this mem-
brane skeleton, short actin filaments
form ring-like structures that are evenly
spaced by spectrin tetramers and wrap
around the circumference of the axons.
This submembrane lattice structure
organizes ion channels into a periodic
distribution along the axons. The
periodic membrane skeleton is prefer-
entially formed in axons, whereas
dendrites primarily contain long actin
filaments largely running along the den-
dritic shaft. Evidence suggests that this
membrane skeleton is important for providingmechanical stability for axons. By organizing important membrane proteins into
a periodic distribution, this membrane skeleton may also impact signaling pathways at the axonal membrane.
Rust, M.J., et al. (2006). Nature Methods 3, 793–795.
Xu, K., et al. (2013). Science 339, 452–456.516 Developmental Cell 31, December 8, 2014 ª2014 Elsevier Inc.
